Early inclusions induced by a canine adenovirus in a canine cell line, appearing before the formation of infectious virus particles, were purified by differential centrifugation in sucrose followed by CsCl density gradient centrifugation. Chemical analysis of these inclusions revealed that they contained deoxyribonucleic acid (DNA), ribonucleic acid, and protein. On the basis of density gradient centrifugation, the DNA extracted from the inclusions was found to be viral DNA. Electron microscope autoradiography showed that these inclusions were the sites of DNA synthesis. In addition, association of DNA polymerase activity with the inclusions was detected by incorporation of radioactivity from 3H-thymidine triphosphate into a DNA product. The in vitro product of the enzyme had a density equal to that of viral DNA rather than host DNA. The level of DNA polymerase activity in exponentially growing infected and uninfected whole cells was similar, but in cells in stationary phase the enzyme activity of infected cells was twice that in noninfected cells. Furthermore, nuclei isolated from infected cells showed a fourfold increase in DNA polymerase activity over the noninfected cells.
Early inclusions induced by a canine adenovirus in a canine cell line, appearing before the formation of infectious virus particles, were purified by differential centrifugation in sucrose followed by CsCl density gradient centrifugation. Chemical analysis of these inclusions revealed that they contained deoxyribonucleic acid (DNA), ribonucleic acid, and protein. On the basis of density gradient centrifugation, the DNA extracted from the inclusions was found to be viral DNA. Electron microscope autoradiography showed that these inclusions were the sites of DNA synthesis. In addition, association of DNA polymerase activity with the inclusions was detected by incorporation of radioactivity from 3H-thymidine triphosphate into a DNA product. The in vitro product of the enzyme had a density equal to that of viral DNA rather than host DNA. The level of DNA polymerase activity in exponentially growing infected and uninfected whole cells was similar, but in cells in stationary phase the enzyme activity of infected cells was twice that in noninfected cells. Furthermore, nuclei isolated from infected cells showed a fourfold increase in DNA polymerase activity over the noninfected cells.
After adenovirus infection, various kinds of intranuclear inclusions appear at different times. These inclusions have been studied extensively with the light and electron microscopes (3, 6, 13, 15) . Reports with regard to the nature of these inclusions have been based on cytochemical and autoradiographic studies (12, 13, 15) .
Similar sequential studies of the inclusions have also been reported for a canine adenovirus (24) . These inclusions were (i) the early granular inclusions and ring-form bodies which appeared before the formation of infectious virus particles and (ii) the dark-staining and light-staining inclusions which were formed after the appearance of virus particles. Histochemical and autoradiographic studies (27) showed that the early granular inclusions and the ring-form bodies were similar in their composition, both types being composed of deoxyribonucleic acid (DNA), protein, and ribonucleic acid (RNA). On the basis of morphological and cytological studies, it was concluded that the ring-form bodies developed from the early granular inclusions.
The present study further elucidates the nature of the early granular and ring-form inclusions and their role in virus multiplication as determined by purification of these inclusions and characterization of them with regard to their macromolecular content.
MATERIALS AND METHODS
Virus and virus assay. The strain of infectious canine laryngotracheitis (ICL) virus was previously characterized (25, 26) and was propagated and assayed as described (27) .
Tissue culture and infection of cells. The MadinDarby canine kidney (MDCK) cell line (CCL-34), obtained from American Type Culture Collection Cell Repository, Rockville, Md., was grown in monolayer at 37 C in Roux bottles. Growth medium was Eagle minimal essential medium supplemented with 5%, calf serum penicillin (100 units/ml) and streptomycin (100 jug/ml). Cells were infected with ICL adenovirus at a multiplicity of 100 plaque-forming units (PFU)/cell. The virus was allowed to adsorb at 37 C for 1.5 hr. After the adsorption time, unadsorbed virus was removed, and the infected cells were incubated in growth medium at 37 C.
Purification of inclusions from infected cells. Light microscope examination of the cells infected under the above conditions revealed that at 10 hr after infection more than 90% of the cells contained early granular and ring-form inclusions. For the purpose of purification of the inclusions, approximately 6 X 108 cells were used. Ten hours after infection, the cells were scraped off the Roux bottles with a rubber policeman and separated from the medium by low-speed centrifugation. The SHAHRABADI, ROY, AND YAMAMOTO pH 7.4) and allowed to swell for 15 min at 0 C. The nuclei were purified by homogenization followed by detergent treatment (17) . The purified nuclei containing the granular and ring-form inclusions were suspended in 4 ml of 0.25 M sucrose, 0.01 M Tris-hydrochloride (pH 7.5), and 3 mm MgCl2. The suspension was sonically treated by a Bronwill Biosonic III (Bronwill Scientific, Rochester, N.Y.) at a setting of 40 for a period of 10 to 15 sec in an ice bath. The extent of breakage of the nuclei was determined with a phasecontrast microscope after each 5-sec period of sonic treatment. After a total of 15 sec, over 98%, of the nuclei were found to be broken. The sucrose concentration in the sonically treated material was raised to 1.3 M in a total volume of 8 ml and homogenized in a Stir-R homogenizer (Tri-R Instruments, Rockville Center, N.Y.) for 3 min. The suspension was centrifuged at 650 X g for 20 min in a Sorvall RC-2B centrifuge using an HB swinging-bucket rotor. The pellet which consisted mainly of unbroken nuclei was discarded and the supernatant fluid was again centrifuged at 2,500 X g for 20 min. The pellet obtained was suspended in 6 ml of 0.88 M sucrose in Tris-hydrochloride (pH 7.5) containing 3 mM MgC92, homogenized for 3 min, and centrifuged at 500 X g for 10 min. At this stage of preparation, electron and light microscope examination of the pellet revealed that the preparation contained early granular and ring-form inclusions. Occasionally, some nucleoli (about 1-2%c) were present in this preparation. To remove this nucleolar fraction, the pellet was suspended in 2 ml of 1.0 M sucrose homogenized to disperse the aggregates. The suspension was layered on a 4-ml linear CsCl gradient with densities from 1.6 to 1.2 g/cm3 and centrifuged at 30,000 rev/min for 3 hr using an SW 39 rotor and a Beckman model L-2 preparative ultracentrifuge. The inclusions located in a region with a density of 1.38 g/cm3 were collected with a syringe from the top of the tube, and CsCl was removed by dialysis against 0.5 M Trishydrochloride, pH 7.5 . To determine the purity of the inclusions, samples from the final preparation were fixed and embedded for electron microscopy as described previously (24 (6) .
Equilibrium sedimentation analysis of DNA in CsCl. To 2.3 ml of DNA solution in SSC was added 2.9 g of CsCl in 5-ml nitrocellulose tubes. The tops of the tubes were filled with mineral oil, and the tubes were centrifuged at 38,000 rev/min at 25 C in an SW50.1 rotor for 50 hr. Three-drop fractions (about 0.05 ml) were collected from the bottom of the tubes. Density of some fractions was measured with a refractometer, and the DNA in each fraction was precipitated with 5%O trichloroacetic acid and collected on membrane filters (Millipore Corp.). Tne filters were washed in ethanol, placed in Bray solution, and counted in a liquid scintillation counter (Nuclear-Chicago). In some cases, the fractions were diluted with 0.3 ml of distilled water, and the optical densities at 260 nm were determined.
For analytical ultracentrifugation, approximately 3 to 4 jig of DNA was dissolved in CsCl solution with a density of 1.724 g/cm3 and centrifuged at 25 C in a
Beckman model E analytical ultracentrifuge at 44,000 rev/min for 24 hr. Photographs of the ultraviolet-absorbing bands in the centrifuge cell were traced with a Beckman Analytrol, and the density of DNA was calculated by the method of Chervenka (4) .
Isotopic labeling of DNA. To obtain a mixture of labeled host and viral DNA, MDCK cells grown in monolayer were exposed to a medium containing 0.2 ,uCi of [methyl-3H]thymidine (specific activity 15.5 Ci/mmole) per ml at 37 C for 24 hr. Cells were then infected with ICL adenovirus, and the virus DNA in infected cells was labeled by incubating in fresh medium containing 0.2 ,iCi of 3H-thymidine per ml. Sixteen hours after infection, these infected cells were harvested, and DNA was extracted. To label DNA in the early granular and ring-form inclusions, cells 8 hr after infection were labeled by adding 0.5 jiCi of 3H-thymidine per ml for 2 hr. The inclusions were then purified as described, and their DNA was extracted.
Electron microscope autoradiography. Monolayers of cells grown in 3-oz (ca. 0.09 liter) bottles were infected with ICL adenovirus. Ten hours after infection, cells were labeled with 100 jICi of 3H-thymidine per ml for 4 min at 37 C. After the labeling period, the radioactive medium was removed, and the cells were washed five times in chilled medium. The cells were then fixed and embedded as described earlier (24) . Thin sections with the same interference color (gold) were picked up and placed on collodion-coated slides (20) . The slides were dipped in Ilford L-4 emulsion diluted 1: 6 and kept in a light-proof box in a nitrogen gas atmosphere for 2 months. The (Fig. 1) . Even though the early granular inclusions and ring-form bodies were heterogenous in size, both types were present in the final preparation. To estimate the degree of purity, the amount of host chromatin present in the final preparation of inclusions was determined by prelabeling the cells with 3H-thymidine (0.2 ,Ci,'ml for 24 hr). The labeled cells were divided into two groups. In the first group, the cells were infected with ICL virus and incubated in fresh medium, and the second group was left uninfected. Ten hours after infection inclusions from the infected cells were purified. DNA from the inclusions and from the uninfected cells was extracted, and the specific activity of the labeled DNA from each preparation was determined. The specific activity of DNA from cells was 5.5 x 106 counts per min per gg, whereas the specific activity of DNA from the inclusions was 2 x 103 counts per min per ,g. Therefore the association of host chromatin with the purified inclusions was less than 0.5%c. From this it was concluded that the preparation was over 99c% pure with respect to cellular DNA.
Analysis of macromolecular content of the inclusions. Chemical analysis of the isolated inclusions revealed that they contained DNA, RNA, and protein. DNA was a major constituent of these bodies (51%Xc; 440 ,g), whereas RNA was present in comparatively small amount (3%-; 25 ,ug); protein was 46c% (400 ,ug). (Purified inclusions were suspended in 1 ml of 0.05 M Trishydrochloride, pH 7.5. The data are the average of three experiments.) These results agree with the results of the previous electron microscope study which showed that early granular inclusions and the ring-form bodies were composed of nucleoprotein (27) . DNA VOL. 10, 1972 was extracted and analyzed by isopycnic centrifugation in CsCl. The first attempt was to differentiate the ICL adenovirus DNA and MDCK cell DNA on the basis of their buoyant densities in CsCl. Labeled DNA extracted from ICL adenovirus-infected cells was centrifuged to equilibrium in CsCl. Drops were collected, and radioactivity in the acid-precipitable material was determined. It was found that the radioactivity was localized in two bands with densities of 1.718 and 1.700 g/cm3 (Fig. 2) . The radioactivity in DNA from the inclusions banded in a region with a density of 1.718 g/cm3. This experiment was repeated three times, and similar results were obtained.
The buoyant densities of viral DNA and MDCK cell DNA were also determined separately after equilibrium centrifugation in CsCl. Viral DNA had a buoyant density of 1.718 g/cm3, and MDCK cellular DNA had a density of 1.700 g/cm9. When a mixture of cell and viral DNA and DNA extracted from the inclusions was centrifuged in CsCl to equilibrium in the analytical ultracentrifuge, viral and cellular DNA localized in two bands with densities of 1.718 and 1.701 g/cm3. The DNA from the inclusions localized in one band with a density of 1.718 g/cm3 (Fig. 3) . Repeated CsCl centrifugation of DNA from the ICL adenovirus and from the inclusions revealed that they banded at a region with the same buoyant density. The results indicated that the early granular and ring-form inclusions contained a DNA species, which, on the basis of buoyant density, was similar to viral DNA.
Inclusions as the site of DNA synthesis. In a previous autoradiographic study (27) found that exposure of infected cells to tritiated thymidine for 1 hr would result in incorporation of this DNA precursor into the early granular and ring-form inclusions. Therefore, it was suspected that these inclusions were the site of DNA synthesis. In the present study, the infected cells were exposed to 3H-thymidine for a short pulse of 4 min and then used for autoradiography as described in Materials and Methods. Electron microscope examination of the autoradiograms showed that silver grains were mainly located over the early granular and ring-form inclusions (Fig. 4) . Although the number of grains per unit area was not determined, from distribution of grains over different cell areas it was found that 88 %o of them were located over the early granular and ring-form inclusions ( ground grains were slightly less than those for the cytoplasm and nucleoplasm together but not significantly so. These results indicated that thymidine is rapidly transported from the cytoplasm into the early inclusions which are therefore the probable site of DNA synthesis. The lack of any significant radioactivity in the cytoplasm as in the nucleoplasm outside the inclusion would indicate the lack of a thymidine pool in either of these areas. However, the actual grains in the cytoplasm due to thymidine and those due to background was not determinable due to the relatively small numbers of grains observed.
DNA polymerase activity associated with early granular and ring-form inclusions. The results obtained from the autoradiography experiment encouraged the search for the presence of enzymes involved in DNA synthesis. Freshly purified inclusions were assayed for DNA polymerase as described. The preparation incorporated radioactivity from 3H-TTP into an acid-insoluble product (Fig. 5) . The product could be degraded into acid-soluble material by treatment with 5 ,ug of pancreatic deoxyribonuclease. The rate of incorporation of radioactivity from 3H-TTP by the inclusions was constant for about 30 min and then declined. The amount of radioactivity incorporated was approximately proportional to the amount of added inclusions (Fig. 6) . The results indicated the association of DNA polymerase activity with the inclusions. The enzyme required all four deoxynucleoside triphosphates for full activity, but some activity was present in the absence of dCTP (Fig. 7) . Since the inclusions in the above experiments were rich in DNA, it was not necessary to add DNA as template for the enzyme activity to the reaction mixture. To examine the enzyme activity in the presence of exogenous template, 200 Ag of nicked calf thymus DNA was added to the reaction mixture. It was found that incorporation of radioactivity from 3H-TTP into acid-insoluble material increased about 60% (Fig. 8) . It is possible that the enzyme could use both the DNA in inclusions and calf thymus DNA. In preliminary experiments, treatment of inclusions with protamine One was the complete system, and in each of the others one of the unlabeled deoxynucleoside triphlosphates was omitted. Radioactivity from 3H-TTP inzcorporated iitto the acid-inisoluble material was determinied. 
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A reaction mixture containing inclusions representing 1.0 mg of protein was incubated for 1 hr under the conditions described above. The DNA product was extracted and centrifuged in CsCl to equilibrium. DNA from MDCK cells was also centrifuged in CsCl to determine the position of host cell DNA. The DNA product which contained radioactivity banded at a region with a buoyant density of 1.719 g/cm3 (Fig. 9) . Cellular DNA, which could be detected by determining the absorbancy at 260 nm, banded at a region with a density of 1.701 g/cm3. This experiment was repeated twice, and results similar to those in Fig. 9 were obtained. Since the DNA product had a buoyant density close to that of viral DNA, it was suggested that the enzyme copied viral DNA present in the inclusions as a natural template. The breadth of the peak of radioactivity suggests that the newly synthesized chains of DNA were relatively short.
DNA polymerase activity in infected and noninfected cells. To determine whether there was an increase in the level of DNA polymerase in cells after being infected with ICL adenovirus, the activity of this enzyme was determined in infected cells and compared with that in noninfected cells. Cells either in the exponential phase or the stationary phase were infected with ICL adenovirus. Ten hours after infection, the activity of DNA polymerase in both infected and noninfected cells was determined as described. In exponentially growing cells, there was no increase in DNA polymerase activity after OD(260) infection (Table 2) . In contrast, when the cells in the stationary phase were infected, the enzyme activity doubled over that of noninfected cells. Furthermore, when the activity of DNA polymerase in the purified nuclei from exponentially growing infected and noninfected cells was measured, a four-fold increase in the enzyme activity was found in infected nuclei over that of noninfected nuclei.
DISCUSSION
Formation of inclusion bodies inside the nuclei of infected cells is a common feature of adenovirus infection (6) . Information with regard to the nature of adenovirus-induced inclusions has been largely based on cytochemical and autoradiographic studies (12, 13, 15) . A detailed chemical analysis of the inclusions requires a method by which these bodies can be purified from the infected cells. In this study, the early inclusions which appear before the formation of infectious virus particles were isolated, and the purity of the preparation was examined both morphologically and by isotopic labeling. On the basis of previous autoradiographic studies (27) , it was assumed that the early granular inclusions and ring-form bodies did not contain cellular DNA. With this assumption, the presence of cellular DNA in the purified inclusions was determined and used as a criterion for purity from contaminating cell material. On this basis, the preparation of the purified inclusions con- (Fig. 2) .
The origin of the enzyme associated with early granular and ring-form inclusions is not known. It could be the host enzyme which becomes involved in synthesis of viral DNA or a totally new virus-coded enzyme which is synthesized in the cells after infection. It has been reported that in adenovirus type 2-infected HEK cells, DNA polymerase had properties similar to that in noninfected cells (10) . Regardless of the origin of the DNA polymerase in inclusions of ICL adenovirus-infected cells, it appears that the enzyme is tightly bound to the nucleoprotein complex of the inclusions. This could explain the increase in DNA polymerase activity in infected nuclei over that of noninfected nuclei.
The level of DNA polymerase activity in adenovirus-infected cells has been reported to depend on the cell type and its physiological state (8) . In exponentially growing KB cells infected either with adenovirus type 2 (7) or with adenovirus types 12 and 31 (18) , the activity of DNA polymerase did not increase over that of noninfected cells. In other systems using HEK cells infected with adenovirus types 2 and 12, a 1.5-to 3-fold increase in the level of DNA polymerase activity has been reported (1). We also found that in exponentially growing MDCK cells the level of DNA polymerase activity did not change after infection with ICL adenovirus, whereas in cells infected during the stationary phase the enzyme activity increased twofold. This could be due to the low enzyme level of cells in stationary phase, but following infection there is an induction of enzyme synthesis for increased DNA synthesis. The increase in DNA polymerase activity in purified, infected nuclei over noninfected nuclei is not surprising since similar results have been reported in KB cells infected with adenovirus type 2 (7, 21) . The low enzyme activity in the nuclei of uninfected cells has been suggested to be due to the leakage of DNA polymerase from the nuclei into the cytoplasmic fraction during cell fractionation in aqueous solution (2, 21, 22) . We suggest that in MDCK cells infected with ICL adenovirus the DNA polymerase is bound to the nucleoprotein complex of the early granular and ring-form inclusions, thus preventing its leakage into the cytoplasmic fraction. Whether the preexisting host enzyme binds to the viral DNA in the inclusions or whether a new enzyme is induced after infection remains to be determined. Although the inclusions in ICL adenovirus-infected cells contained RNA, further studies are required to elucidate the relationship of this RNA to the process of virus multiplication. Recent studies (23) have shown that viral nucleoprotein complexes isolated from adenovirus type 2-infected HeLa cells were active in RNA synthesis. It is tempting to speculate that RNA in ICL adenovirus inclusions is transcribed from the viral DNA and is probably viral messenger RNA.
